A validated multi-physics numerical model that accounts for charge and species conservation, fluid flow, and electrochemical processes has been used to analyze the performance of solar-driven photoelectrochemical water-splitting systems. The modeling has provided an in-depth analysis of conceptual designs, proof-of-concepts, feasibility investigations, and quantification of performance. The modeling has led to the formulation of design guidelines at the system and component levels, and has identified quantifiable gaps that warrant further research effort at the component level. The two characteristic generic types of photoelectrochemical systems that were analyzed utilized: (i) side-by-side photoelectrodes and (ii) back-to-back photoelectrodes. In these designs, small electrode dimensions (mm to cm range) and large electrolyte heights were required to produce small overall resistive losses in the system. Additionally, thick, non-permeable separators were required to achieve acceptably low rates of product crossover.
Introduction
An integrated electrochemical system that uses light-capturing semiconductors, combined with electrocatalysts in contact with an electrolyte, to generate oxygen and hydrogen via the electrolysis of water, is a promising route for the direct production of fuels from sunlight:
In this work we distinguish between designs of components and designs of a full system. The latter includes the form factors and geometries of the various constituents including the photoactive materials, catalysts, and separators needed to isolate the product gases persistently and suppress chemical product recombination, as well as pressure management control systems that regulate reactant supply, product egress, operating conditions and constraints for the system as a whole, etc.
Significant effort has been devoted to the development of efficient, robust and scalable materials for the solar-driven electrolysis of water. Photochemical diodes have been proposed, 1,2 as well as bi-component suspensions of photocatalysts either with, or without, co-catalysts. 3 However, one needs to construct a system from such materials that does not co-evolve stoichiometric mixtures of H 2 and O 2 at the same location.
In addition to the development of individual photoactive components, photoelectrochemical (PEC) cell designs have been proposed based on flat plates of single-junction light absorbers immersed in an electrolyte. [4] [5] [6] Two-electrode cells based on a metallic counter electrode and a photoactive semiconducting electrode, such as SrTiO 3 and KTaO 3 , have been proposed for the unassisted solar-driven electrolysis process. 7, 8 Multi-junction PEC cells have been proposed and in principle can provide increased photoelectrolysis efficiency through improvements in the sunlight absorption as well as through enhancements in the available photovoltage. 5, 6 Catalyst-coated triple-junction amorphous Si photoelectrodes have been shown to electrolyze water. 9, 10 Recently, designs based on micro-and nano-structured components have been investigated where nanoparticles 11 or fibrous structures 12 embedded in the electrolyte serve as light absorbers as well as electrocatalytic reaction sites. These designs provide larger specific surface area for the electrochemical reactions, relax the turnover frequency requirement of the catalyst, and enhance the absorption of incident sunlight due to their volumetric rather than surface absorption behavior. Additionally, these designs leverage the orthogonalization of the directions of light absorption and photogenerated minority charge-carrier collection so that semiconducting materials with low minority-carrier diffusion lengths can be employed as highefficiency solar absorbers.
Separators, such as porous media (e.g. fibrous asbestos or glass frit), thin capillaries, or polymer membranes, [13] [14] [15] are expected to facilitate product extraction and to increase the performance and safety of the system as a whole. Separators serve to limit the electrolyte and product crossover, and limit recombination via dangerous exothermic chemical reactions. Recently, multi-functional membranes have been proposed, allowing for product separation, ionic conduction, radiation absorption (by the semiconductor substrates), reactivity, and structural support, usually based on micro-and/or nano-composite materials.
16,17
The design aspects of an entire solar-fuels-generator system are important because the material combinations that provide optimal performance depend significantly on the architecture of the system as a whole. Specifically, the design of such a PEC cell should minimize losses. Some of the major system design criteria include: (i) optimization of the potential distribution in the reactor to minimize the potential losses between the electrodes including the kinetic overpotential dominated by the sluggish oxygen-evolution reaction, eqn (2) , concentration polarization effects, and resistances of the solution as well as of any separators; (ii) separation of the product gases to minimize chemical recombination/reaction (and consequently reduction in the product yield) and electrolyte crossover, and thus increase the system safety by maintaining the partial pressures of the gas mixtures below the flammability limit (i.e., 4% H 2 in oxygen or air);
18 and (iii) maximization of absorption of solar photons by the photoactive electrodes to maximize chemical product yield. The first two design criteria are common to both solar-driven electrolyzers and conventional, electrically driven, electrolysis systems. However, in the absence of solar-concentrating optics, solar-driven electrolyzers can only operate at a peak current density of 10 to 30 mA cm À2 , whereas to minimize cost and size, the present electrically driven electrolysis systems operate at current densities of $1 A cm
À2
. These differences potentially change the acceptable, or optimal, system geometric parameters and overall system design for photoelectrolysis relative to electrically driven water splitting.
Batch- 10, 19 or continuous-feed 13 PEC reactors have been proposed, operating at current densities that result in partially to fully saturated solutions of reaction products. Full saturation allows for relatively simple product separation but has the disadvantage of issues arising from phase interfaces due to the multi-phase nature of the system (e.g. radiation scattering and/or reaction site blocking by bubbles).
Modeling efforts of PEC cells are limited, but knowledge gained by multi-scale computational investigations of related technologies such as polymer-electrolyte fuel cells can support the development of PEC models. Extensive reviews of fuel-cell modeling activities and progress have been published, 20, 21 and recent efforts have focused on direct coupling to atomistic-scale models. 22 For PEC devices, lumped-circuit models of a photocell in series with a current-dependent electrochemical load have been introduced by Rocheleau and Miller, 23 in which the electrochemical load accounted for resistive losses in the electrolyte as well as kinetics-related overpotentials described by the ButlerVolmer relationships. A multidimensional model was introduced by Carver et al. 13 and applied to a two-chamber flat-plate reactor, accounting for detailed electrochemical reactions and losses.
In this work, two basic solar-fuel-generator system designs, schematically shown in Fig. 1 , were investigated by the use of numerical modeling. These designs were selected because they Fig. 1 Schematics of the two basic designs studied (not to scale), where the modeled unit cell is denoted by the red box. (a) Design A consists of PV devices (violet) with ohmic electrical contacts at the bottom (dark grey), covered with TCO (blue) and catalyst layers (orange and green for the anode and cathode sides, respectively), separated by perpendicularly oriented separators (grey), and immersed in an electrolyte (light blue). (b) Design B consists of PV devices covered with TCO and catalyst layers separated with separators in the plane of the PVs and immersed in an electrolyte. encompass a vast majority of designs that have been proposed to date. 4, 6, [9] [10] [11] 14, 15, [24] [25] [26] [27] [28] [29] [30] Design A consists of two light absorbers assembled side-byside, each immersed in an electrolyte-filled channel separated from each other and electrically connected via an ohmic contact across the bottom. The separators were either (i) impermeable, ion-conducting polymeric membranes (e.g. Nafion) or (ii) permeable porous structures (e.g. fibrous asbestos, glass frit, microporous membrane). The former minimize convective crossover, while the latter do not inhibit product crossover but are perhaps less expensive and provided less resistive ionic pathways. The two light absorbers were both either planar photoelectrodes or photovoltaic (PV) devices that consisted of the same semiconductor material(s) as the photoelectrodes. In a variant of Design A, a transparent conducting oxide (TCO) layer was introduced onto the top of the PV device to provide lateral electron conduction and protection against corrosion. In this instance, the top of the PV-TCO assembly was covered by electrocatalysts that facilitated the hydrogen-(cathode side) and oxygen-(anode side) evolution reactions.
Design B consists of at least one planar PV device (which also acted as a separator) covered by electrocatalysts at the electrolyte interface. This device was also modeled with and without a TCO layer at the interface between the light absorber and electrocatalysts. The PV-TCO-catalyst assembly was surrounded by a separator. Variations of Design B that were modeled include porous or perforated PV-TCO-catalyst assemblies that represented PEC device designs based on micro-or nano-structured light absorbers and reaction sites. In a further step, the pores and perforations were filled with a non-permeable, ion-conducting membrane, to represent, in a simplified form, PEC cells that use micro-or nano-structured multi-functional components.
17 For all designs, no potential loss was assumed in the conductive connection for electron transport between the two electrodes.
The modeling focused primarily on the transport-related losses in the PEC devices, specifically on the potential losses due to ion and electron transport, as well as on the product yield losses due to species and electrolyte crossover and recombination. Both these types of losses reduce the effective conversion of the incoming photons to harvestable fuel, and typically result in opposing trends in terms of design criteria.
Herein, a validated multiphysics model is presented in terms of its mathematical formulation including governing equations, boundary conditions, and properties. An operational window for the potential and yield losses is then presented. The model is then used to (i) understand the impact of kinetics and TCO on the design behavior, (ii) quantify and compare potential losses, and (iii) calculate and compare convective and/or diffusive crossover, for both Design A and Design B and their variants, as described above. Fig. 1 presents the 2-D computational domains of the two types of designs that were investigated. The steady-state governing conservation and transport equations for both neutral and charged species were given by Nernst-Planck,
Theoretical

Governing equations
and
where N i is the molar flux vector, R i is the reaction source term, u is the superficial liquid velocity vector, z i and c i are the valence and concentration of species i, respectively, F is Faraday's constant, and u i,e and D i,e are the effective mobility and diffusivity of species i, respectively, and F l is the potential of the liquid phase. The values of u i,e and D i,e are related by the NernstEinstein relationship for charged species,
The term ''effective'' refers to non-bulk properties accounting for multi-phase media such as separators or porous electrodes. 32, 33 The use of eqn (4) assumes dilute-solution theory, in which the interactions among the solutes are not rigorously considered. 31, 34 However, this level of approximation is sufficient for the concentrations of the various species evaluated in this work. Eqn (4) 
where r is the density, 3 is the porosity, p is the pressure, m is the viscosity, and K is the permeability. The last term on the right side of the momentum conservation equation, eqn (7), is the Darcy extension and accounts for viscous resistances due to the presence of porous media, and tends to zero for a continuous fluid phase for which K is large. The transport of charge and subsequent calculation of the potential losses were determined by the definition of the current density,
where the subscript l (liquid) denotes the ion-conducting phase, and by the use of electroneutrality,
Eqn (8) results in Ohm's law,
if the current losses due to concentration gradients are neglected. In eqn (10) 
where i R is the reaction or transfer current between the ionic and electronic phases, and A 0 is the specific surface area. The transfer current depends on the electrochemical reaction kinetics, which were expressed by the use of Butler-Volmer expressions for the oxygen evolution reaction (OER), eqn (2) , and the hydrogen evolution reaction (HER), eqn (1),
where i 0,OER and i 0,HER are the OER and HER exchange current densities, respectively, and a a,i and a c,i are the OER and HER anodic and cathodic transfer coefficients, respectively. The overpotential is defined as
where U 0 is the equilibrium potential, which is 0 V at the cathode and 1.23 V at the anode (i.e., a hydrogen reference electrode at the pH and operating conditions is assumed). The concentration terms in the kinetic equations are unity for a well-stirred, or continuously flushed reactor. Fig. 2 depicts the boundary conditions, and their mathematical formulations, that were used in the computational modeling and simulation of the two types of system designs. Because both of the catalytic layers were assumed to be relatively thin, the electrochemical reaction was modeled as a surface reaction that occurred at the electrolyte-TCO/PV interface. Symmetry boundary conditions for flow, species, and current densities were used for the vertical walls of both designs. A constant photocurrent density, i pc , was assumed at the electrode boundaries, because the photoactive components are expected to deliver a uniform flux of holes and electrons. The cathode was set to an arbitrary potential of 0 V. The electrolyte was assumed to be saturated with the produced species (hydrogen and oxygen for the cathode and anode side, respectively); although not shown, a simple calculation demonstrates that at significantly smaller applied current densities, the solutions would rapidly saturate with the gases for all the volumes that were evaluated in this work. All non-dissolved gas at the electrode is assumed to form bubbles which are immediately removed from the device; thus, no influence of a gas phase formation on radiation absorption, electrical conductivity, overpotential, kinetics, or overall system performance was included in this analysis.
For analysis of reagent/product crossover, several different conditions were considered, due to possible different operational strategies. These boundary conditions were: (i) zero concentration at the opposite (non-generating) electrode surface (green line), (ii) zero concentration within the opposite chamber, meaning zero concentration at the separator interface (red line), or (iii) saturated concentration within the opposite chamber (blue line). Option (i) represents a slow-flow reactor at steady state, where the crossover species diffuse to the electrode surface and recombine in the presence of the catalyst. Option (ii) represents a steady-state reactor that is continuously flushed by ''fresh'' or de-saturated, recycled electrolyte (hydrogen or oxygen concentrations are zero for the anode or cathode chamber, respectively). This scenario results in the largest diffusive crossover. Option (iii) represents a reactor at steady state with catalysts unsuitable for the recombination reaction, or a continuously flushed reactor with recycled, saturated electrolyte. This scenario results in no diffusive crossover.
For analysis of convective effects, a pressure gradient was applied over the separator to account for pressure differences between the chambers in the system. The remaining boundaries were walls, for which a no-slip velocity condition was assumed. Fig. 2 also indicates the different device dimensions that were investigated in detail. These values include the separator thickness, t sep , the height of electrolyte, h e , and the electrode length, l el , as well as for Design B, the device length, l d . Table 1 presents the range of dimensions/parameters that were investigated for the two designs. The horizontal and vertical directions are denoted by the variables x and y, respectively, and the out-of-plane direction is denoted by the variable z.
A commercial finite-element solver, Comsol Multiphysics ª ,
37
was used to solve the coupled equations with the corresponding boundary conditions. Quadratic element discretization and standard solvers were chosen. Mesh convergence and iteration independence were attained for mesh element numbers of 10 000 The ion-transport and resulting potential losses in the electrolyte determine the position-dependent potential drop between the anode and cathode (including losses through the separator). This loss was quantified as an averaged resistive solution loss
where DF R is the area-averaged difference of the electrolyte potential at the same horizontal position away from the separator along the anode and the cathode (including losses in the separator), respectively, and was chosen to represent the actual solution resistive potential loss for a spatially varying potential distribution. The maximum solution resistive potential drop occurs between the centers of each electrode. This limits an actual photoelectrode because the drawn current at the center is reduced with increased potential difference due to the diodeshaped current-potential relationship of the photoelectrode.
38
A stringent upper limit for DF R of 100 mV was used at an applied 20 mA cm À2 of photocurrent density. This limit resulted in a (reasonable) minimal photovoltage requirement of approximately 1.65 V (¼ 1.23 V equilibrium potential, $80 mV hydrogen-evolution reaction overpotential (Pt-based kinetics),
39
$220 mV oxygen-evolution reaction overpotential (RuO 2 -based kinetics), [40] [41] [42] and 100 mV electrolyte losses), comparable and competitive to conventional proton-exchange-membrane or alkaline electrolyzers. Additionally, this limit led to systems for which kinetic limitations (at the anode) were dominant, and hence improvement in the oxygen-evolution catalyst led to a direct increase in the device performance. Nevertheless, no additional losses (e.g. due to concentration polarization) 43 can be tolerated in the system if this stringent upper limit for the potential drop is to be obeyed.
Crossover losses.
Species and electrolyte crossover and recombination determine the fraction of produced fuel that is not harvested far from the electrodes. This loss was quantified by the Faradaic yield for hydrogen collection based on the normalized net reaction current, which accounted for the current lost due to diffusive and convective crossover of hydrogen from the cathode to the anode chamber,
where the normal (reaction) current density, i ¼ i$n, and the normal hydrogen molar flux, N H 2 ¼ N H 2 $n, are interrelated by Faraday's law,
Crossover can occur either by diffusion through the electrolyte and/or separator, or by convection. Convective fluxes develop due to system design and control, as well as due to the natural pressure gradient that arises from the 2 : 1 H 2 -O 2 stoichiometry of water electrolysis (see eqn (1) and (2)) if the system is not actively monitored and stringently controlled. In addition to impacting the fuel yield, crossover can also result in a safety hazard, due to the possible generation of a flammable mixture of hydrogen and oxygen gases. Fig. S1 † describes an approximate mass-balance calculation, detailed in the ESI, † for an open system at a generation current density of 20 mA cm
À2
. This calculation helps to determine the hydrogen collection yield targets as well as the required sweep gas fluxes, N sweep , that must be utilized to remain below the 4% H 2 in O 2 lower flammability limit. The calculation indicates that hydrogen collection yields of >0.98, independent of the current density, are required to stay below the flammability limit with no applied sweep gas. Interestingly, for a 20 mA cm À2 photocurrent density, a $20% solar-
obtained when h ¼ 80%. This scenario maintains the <4% H 2 in O 2 limit in the presence of a sweep gas with N sweep ¼ 0.0047 mol m À2 s À1 . 20% solar-to-fuel power-conversion efficiency is over an order of magnitude larger than a natural photosynthetic system (e.g. crops and algae operate at 1 to 3% solar-to-fuel) 44 and up to four times larger than non-optimized solar fuels generator prototypes.
5,10
The above limits of 100 mV and 98% for DF R and h (in the absence of sweep gases), respectively, will be used to guide the discussion of the different design metrics for Designs A and B. 41 as well as an assumed negligible back reaction at the potential of interest, respectively.
Model parameters
Sulfuric acid was taken as the supporting electrolyte, and the speciation was limited to account only for the presence of the HSO 4 À anion. The diffusivities in the electrolyte of protons, anions (HSO 4 À ), hydrogen, and oxygen, respectively, were assumed to be the diffusivities of these species in water. 18 Correspondingly, the conductivity of 1 M sulfuric acid is k l ¼ 40 S m À1 at ambient temperature. Separators were modeled as either (i) a non-permeable, ion-conducting polymeric membrane or (ii) a permeable porous medium. The non-permeable, ionconducting separator was based on perfluorosulfonic acid (PFSA) ionomers such as Nafion, for which the hydrogen and oxygen diffusivities and the membrane conductivity are known (see Table 2 ).
46-49
For separators that consisted of a permeable porous medium (e.g. fibrous asbestos, glass frit), effective values for the diffusivity, D i,e , and conductivity, k i,e , were calculated through the Bruggeman relationship, 33, 50 k l,e ¼ k l $3 1.5 (18) Permeable porous structures, in contrast to non-permeable separators, allow for convective flow and, therefore, require that the permeability be defined. A semi-empirical permeability model was used in this study, in which the permeability, K, was derived for a packed bed of spherical particles with a narrow particle-size distribution in a random, isotropic configuration, and is given by
The characteristic pore dimension, d, in the micro-structured permeable porous separators was chosen to be 10 mm. Simulations were also conducted with different semi-empirical permeability and conductivity models that have been derived for permeable porous separators consisting of ordered, fibrous-like structures (see the ESI †). The permeability and conductivity as a function of separator porosity are shown in Fig. S2 . † The applied photocurrent density, i pc , was assumed to be constant at 20 mA cm À2 . This value is theoretically deliverable by semiconductor materials that absorb much of the visible/nearinfra-red region of the solar spectrum under Air Mass 1.5 conditions at a light intensity of 100 mW cm À2 . Typical TCO materials, such as indium tin oxides (ITO), fluorine-doped tin oxides (FTO) and aluminium-doped zinc oxides (AZO), have reported sheet resistances in the range of
; 52 this value was used in the simulations. To reduce the meshing expense, a transparent 10 mm thick TCO layer was used in the model. Thinner layers are often incorporated in physical devices to provide sufficient transparency to sunlight, but the use of thinner TCO layers did not affect the modeling results.
A uniform ambient temperature of 25 C was assumed. The saturation concentrations of hydrogen and oxygen in the electrolyte were taken to be their saturation concentrations in water.
Results
The computational model was validated, in terms of ohmic losses, by the use of an embedded electrode (ESI and Fig. S4 †) . As described below, the validated computational model was then used to evaluate the impacts of changes in various system parameters. First the variations in the rates of the electrode kinetic processes and/or in the conductivity of the TCO, on the behavior of the overall system, are examined. The potential losses in the system are subsequently presented for Designs A and B, in conjunction with a comparison of the overall cell performance of the two designs. The hydrogen collection yields of two designs are then presented and discussed. For each design, the diffusive and diffusive-convective components of the reagent View Article Online crossover process have also been analyzed for two distinct types of separators (impermeable vs. permeable).
TCO and kinetics
Fig . 3 depicts the average resistive losses, expressed as the average ohmic potential drop in the system, eqn (15) , for Designs A and B, with non-permeable, ion-conducting separators, as a function of the dimensions of the components of the system (see Table 1 ). Fig. 3 additionally presents the modeling results of such systems that also contained a TCO film on the surfaces of both semiconductor electrodes. The TCO significantly reduced the ohmic losses because the electrons produced by the PV were redistributed laterally along the surfaces of the photoelectrodes. For example, Fig. 4 depicts the current distribution at the cathode catalyst layer in a specific subset of Design A systems. The TCO clearly redistributed the current closer to the separator interface, and thus closer to the other electrode, thereby minimizing the ionic-current pathlength. This behavior was more significant for larger l el and smaller h e .
The presence of the TCO did not affect the overall hydrogen collection yield, because although the current distribution was altered, the integrated current was not affected. A consequence of the current redistribution was that the regions of catalyst that are located closer to the separator experienced orders of magnitude larger current densities than i pc . For example, increasing l el above 5 mm for h e ¼ 1 mm led to larger current densities (i > i pc ), and thus enhanced catalyst loads, within 20% of the electrode length at each end nearest to the separator (Fig. 4) . When l el ¼ 40 mm, this fraction was reduced even further, with 10% of the electrode length at each end carrying most of the current in the system (Fig. 4) .
For specific implementations of Design A, Fig. 5 depicts a breakdown of the various types of potential losses that contribute to the total overpotential, DF s , needed to drive the water-splitting reactions. These losses consisted of ohmic losses (across both the electrolyte/solution and separator, DF R , or across the separator only, DF R,sep ), as well as losses due to the reaction overpotential, h op,a/c , at the two electrodes. Wider electrodes led to larger variations in potential along the electrode surface. In the presence of a TCO, lateral conduction produced non-uniform reaction overpotentials at the electrodes, in contrast to the non-TCO case, which produced constant reaction overpotentials along the surface of each photoelectrode. Fig. 6 presents the solution ohmic losses as a function of the scale factor, R, for Design A, at selected geometric dimensions for the system components. The value of R represents a surface roughness and/or equivalently represents an increase in the exchange current density (i * 0a/c ¼ i 0a/c $R). The solution ohmic losses decreased in two distinct steps, with each step corresponding to the value of R at which the overpotentials for the HER and OER, respectively, become negligibly small compared to the other resistance losses in the specific system of interest. Two asymptotic regions were observed, for R < 1 and R > 10 10 . For slow kinetics (i.e. R < 1), the reaction could not sustain the specified interfacial electron-transfer rate, so the charge redistributed away from the membrane. In this situation, the overall system performance benefits of including the TCO were minimal. For rapid kinetics (i.e. R > 10 10 ), the limiting factors were electron delivery to the catalysts near the separator due to insufficient conductivity of the TCO. Fig. 6 illustrates the tradeoff between the sheet resistance of the TCO and the potential drop in the electrolyte, for rapid kinetics. Generally, the variation in potential drop in the system (max. to min.) became smaller for non-limiting reaction rates (large R) in conjunction with non-limiting TCO conduction values (small R s ).
Solution ohmic losses
The ohmic losses were evaluated for systems that included a TCO layer and electrode kinetics that were characteristic of the most active catalysts reported to date for the HER and OER ( Table 2) . Fig. S5 † depicts the cathode potential distribution for Designs A and B using optimal values of these adjustable parameters. The current distribution (the current lines are roughly perpendicular to the potential lines) was non-uniform, with higher current being sustained closer to the separator (e.g., see Fig. 4 ). This behavior occurred because the solution ohmic losses were dominant, and the TCO produced a non-uniform current distribution at the electrode.
To examine the geometric design space, the electrode length and electrolyte height (Fig. 2) were varied, for two different membrane thicknesses. Fig. 7 and 8 display the solution ohmic losses that were calculated between the electrodes for Designs A and B, respectively, as a function of the height of the electrolyte. The value of DF R increased significantly with increases in l el , reflecting the longer average path-length that the ions must travel even though the reaction distribution was non-uniform due to the TCO layer. Increases in h e led to a decrease in DF R , with an observed asymptotic behavior, e.g. when l el /h e < 1.5 for t sep ¼ 10 mm in Design A. This asymptote arose due to the presence of additional conduction pathways in the electrolyte as the electrolyte height increased.
Generally, thicker membranes led to larger DF R losses, due to the smaller conductivity in the membrane relative to the conductivity of the electrolyte. This increased ohmic drop was more pronounced for larger l el , smaller h e , and, for Design B, for larger l el /l d . Thus, ohmic losses are minimized by the use of a thin membrane with a large electrolyte chamber. Fig. 9 presents the influence of varying the separator conductivity, for various design dimensions, for Designs A and B, respectively. The separator conductivity can be changed by adding more, or different, ionically conductive liquid into the polymer membrane; by changing the morphology of the mechanical and the ion-conducting phase of the polymer membrane; or by using permeable, porous media. All of these approaches can produce ohmic losses <100 mV for membranes having conductivities as low as 10 À2 S m À1 . Fig. 10 presents a comparison, at a constant separator conductivity (10 S m À1 ), of the cell polarization differences between Designs A and B, as a function of the dimensions of the components in the devices. Design A outperformed Design B, especially, for larger l el /l d , which is the condition most desired in Design B for optimal absorption of sunlight (in the absence of sunlight concentration or optical scatterers). However, for the same electrode length and for the same water splitting current, Design A required twice the area as Design B, because the electrically connected photoanode and photocathode are side-byside, and not on top of each other. The polarization curves also indicated that concentrated solar irradiation (i.e. resulting in a larger overall current density) will lead to a nearly linear increase in the required potential and, correspondingly, will require even smaller device dimensions to achieve acceptable system potential drops (i.e. <100 mV).
Crossover of products
The crossover of fuel and of O 2 /reactant/electrolyte is driven by diffusion and convection. Impermeable separators (e.g. Nafion) View Article Online prevent convective crossover even at relatively large pressure differentials (e.g. Nafion's permeability is approximately 1.8 Â 10 À18 m 2 ), while permeable separators (e.g. porous materials) do not significantly impede crossover. Nevertheless, porous materials can provide economic benefits, reduce the system complexity and assembly, and allow high ionic conductivity. Systems that utilize impermeable separators, for which the crossover is solely due to diffusion, are discussed first, and the situation for permeable separators, for which both diffusion and convection play a role in crossover, is then evaluated.
3.3.1. Diffusive crossover. Three boundary conditions were introduced. Each chamber was saturated with the produced species (i.e. hydrogen at the cathode and oxygen at the anode) and (i) the opposite electrode surface was at zero concentration (e.g. no hydrogen at the anode surface); (ii) the opposite chamber was at zero concentration (e.g. no hydrogen in the anode chamber); or (iii) the opposite chamber was at saturation concentration (e.g. 0.78 mM hydrogen in the anode electrolyte). Fig. 11 depicts the hydrogen collection yield, defined by eqn (16) , for both designs, with boundary conditions (i) and (ii), for various component dimensions of both Design A and Design B.
For condition (iii), the diffusive crossover was mitigated, due to the lack of a concentration gradient. In this situation, hydrogen collection yields of 1 were thus achieved for both designs, for all component dimensions. Nevertheless, in condition (iii) the amount of hydrogen needed to saturate the total electrolyte volume is effectively lost because it must be re-separated before it can be utilized as a fuel.
The diffusive fluxes through the separator were non-uniform, and for condition (i), the fluxes exponentially decreased with the y-coordinate (Design A) or x-coordinate (Design B). Increasing h e in Design A did not significantly change the hydrogen collection yield. The total diffusive fluxes converged to a constant value with increasing l el because above a certain electrode length, the diffusive layer was fully developed.
For condition (ii), the diffusive fluxes through the separator were independent of the position along the photoelectrode. Reduced hydrogen collection yields were observed with increasing h e for Design A, and with decreasing l el /l d for Design B, because in both cases the separator area was increasing. The hydrogen collection yields in Design B were independent of the electrode length, because the increased was compensated by the increase in the total current. Generally, thicker membranes increased the hydrogen collection yield, due to decreased species diffusivities in the separator.
Condition (ii) led to the lowest hydrogen collection yields, due to the production of the largest concentration gradients over the membrane. A steady-state slow-flow reactor is therefore expected to show higher efficiencies than a continuously flushed (highflow) reactor, unless the reactor is flushed with crossoverproduct-saturated electrolyte and a catalyst that is inactive towards recombination is used. Fig. 12 depicts the hydrogen collection yield as a function of the separator porosity and, consequently, as a function of the separator permeability (eqn (19) ), for Designs A and B. The dimensions of various components were varied, but the pressure differential was fixed to be 10 mbar across the separator. For separator porosities larger than 0.12, corresponding to permeabilities larger than 1.5 Â 10 À16 m 2 , convection-driven processes clearly dominated the crossover flux. The velocity (or mass flow) along the separator was nearly constant for the porosities of interest. Smaller h e /l el in Design A and larger l el /l d in Design B led to smaller velocities. Hence, in such situations, larger porosities could be used to obtain the same hydrogen collection yield. Design B's system response was independent of the absolute values of h e and l el , for the porosities investigated. 12 also describes the maximal separator porosities that were able to withstand various pressure differentials (1 mbar to 10 bar) at h ¼ 0.8 and 0.98, for specific component dimensions, for both Design A and Design B. The actual pressure differential that will be produced in the system depends intimately on the control strategy implemented for the system as a whole. The hydrogen collection yields changed similarly when the pressure gradient increased or when t sep decreased, which is in accordance with Darcy's law, although the modeling in this work was explicitly for a two-dimensional flow field.
Diffusive and convective crossover.
The utilization of a permeable, porous separator introduced additional requirements for the separator porosity. Fig. 13 depicts the separator porosity-dependence (i.e., conductivitydependence, see eqn (18)) on the ohmic losses in a system with a permeable, porous separator, for Designs A and B. The figure also indicates the importance of the potential losses across the separator relative to the total ohmic losses (dotted lines, representing DF R À DF R,sep ). In accord with the analysis of the system performance for impermeable, ion-conducting separators (Section 3.2 and 3.3.1), the ohmic drop was minimal when the crossover was significant. Ohmic losses became smaller in Design A either when the cell height was increased or when the electrode length or separator thickness was decreased. For Design B, ohmic losses became smaller either when l el /l d or when the separator thickness was decreased. At low porosities, the separator conductivity dominated the ohmic losses in the system, however, the separator conductivity increased exponentially at larger porosities, until the conductivity of the separator became a negligible contributor to the overall system ohmic loss. For example, for Design A with t sep ¼ 500 mm, h e ¼ 1 mm, and l el ¼ 10 mm, the resistance through the separator contributed 50% to the total ohmic losses at 3 sep ¼ 0.37. As shown in the ESI (see Fig. S7 †) , the porous separator's microstructure also was important, although the observed macroscopic performance trends were not dependent on this property. Nevertheless, the microstructure-property relationships (conductivity, permeability, etc.) are not well understood and, therefore, more accurate methodologies for the determination of properties based on the exact microstructure, e.g. by means of computed tomography, 33, 53, 54 are crucial for setting specific design criteria for the separator.
Discussion
TCO and kinetics
For a given current density, the TCO film attenuated the total overpotential required in the system, by linearizing the direct relationship between the electrode length and potential drop. The TCO also reduced the variation in potential drop along the electrode, because the larger solution ohmic losses at the center of the electrode were compensated by the lower reaction overpotential at the same electrode location. With the TCO, the area-averaged solution ohmic losses were closer to the maximum ohmic loss in the specific system of interest, because a relatively small areal fraction of the electrode actually operated at i > i pc (Fig. 4) . The variations in DF s along the electrode were due to limitations in the TCO resistance and/or in the kinetics of the catalysts.
The lateral redistribution of electrons due to the presence of the TCO was limited by the kinetic parameters associated with the ability of the catalyst to pass large currents at low overpotentials. This behavior determines whether the catalysts are able to function efficiently with a rapid turnover rate (i.e. at low overpotentials), or if the electrons are redistributed back from the separator interface (i.e. the current density becomes more uniform) because the catalysts cannot keep up with the delivered electrons.
For larger electrodes, deposition of a catalyst nearer to the macroscopic electrode/separator interface is crucial for achieving optimal system performance, because the catalyst that is located further from the interface passes less charge in the system. In fact, if the catalyst layer were confined to the outer 40% of the electrode surface (20% at each end), <1% of the current would need to be redistributed, when l el > 10 mm. Such an approach may be particularly advantageous for systems that utilize catalysts that exhibit large absorption or reflection coefficients in the visible region of the solar spectrum.
Ohmic potential drop in the electrolyte
For both designs, an increase in the height of the electrolyte is beneficial in terms of solution ohmic drop. This benefit shows an asymptotic limit above which no further reduction in the ohmic drop is achieved even with increased h e . The thinner the membrane, the larger the l el /h e ratio that is required to reach this asymptotic condition. Obviously, the larger electrolyte reservoirs may deleteriously affect the overall desirability of such designs in actual operating systems.
For Design B, decreases in l el /l d produced exponential reductions in the solution ohmic drop. An asymptotic limit was present below which no further reduction in ohmic losses was observed even at lower l el /l d . However, such decreases resulted in smaller fractions of the system area being active for absorption of light, which is not desirable for an actual PEC device unless the solar radiation is concentrated. Even so, concentrated radiation would lead to larger current densities, which would result in the need for even smaller device dimensions to be able to sustain the required ohmic losses (<100 mV).
Effects of the separator porosity
An impermeable, ion-conducting separator effectively blocks convective flow, but reduces the ionic conductivity and increases the complexity and expense of the separator component of the system. Porous media are expected to relax some of the constraints associated with the use of impermeable, ion-conducting separators. Nevertheless, without modeling and simulation, it is not clear whether such a system can function efficiently, and what transport characteristics are required from the separator. The electrolyte in the void phase of the porous structure acts as the ion-conducting phase. The transport properties of the porous separator are crucial for the system performance, i.e. increased permeability (or porosity) allows flow between the anode and cathode sides, increasing species crossover and, consequently, decreasing the hydrogen yield. On the other hand, increased permeability (or porosity) increases separator effective conductivity and thus decreases the ohmic losses.
Increases in the separator thickness afford a straightforward design adaptation to withstand higher pressure differentials. However, such an approach results in a corresponding increase in ohmic drop in the system. In fibrous-like materials, convection dominated H 2 crossover rates at low porosities, due to the high permeability of the separator even at low porosities (see Fig. S6 †) . Hence, a working system using permeable separators requires separators with small porosities or high tortuosity (e.g. interdigitated random structures). Since low porosities might be unpractical, thicker separators are also an option that merits consideration.
Trade-off between solution ohmic losses and crossover
Depending on the design, system components, and operational conditions, minimizing the solution ohmic losses and maximizing the hydrogen collection yields involve competing system requirements in terms of dimensions and component transport properties. Table 3 summarizes the requirements and trade-offs for Design A operated under condition (ii) -leading to the most stringent crossover requirements -using an impermeable, ionconducting separator (conductivity 10 S m À1 ). This design did not enable the required solution ohmic drops and hydrogen collection yields, for thin separators and large electrolyte and electrode heights. Design B was restricted in electrode length only by the ohmic losses, which were dependent on h e and l el /l d . For this design, the hydrogen collection yields were generally large, and, for the most stringent operational conditions (condition (ii)), were independent of the electrode length. The use of thicker membranes and larger l el /l d resulted in efficiencies that were above the 98% safety requirement. Tables 4 and 5 present the minimal separator conductivities for various electrode lengths, electrolyte heights, and separator thicknesses, for Design A, as well as for various l el /l d values for Design B. Thinner separators allowed for lower minimum conductivities to achieve a less than 100 mV potential drop, but Table 3 Electrode lengths, l el , required to operate in the specified h and DF R windows for specified electrolyte heights, h e , and a non-permeable separator of thickness, t sep , for Design A with TCO operating under species boundary condition option (ii). Red, italic table entries denote designs for which the hydrogen collection yield operational specification can only be achieved with potential drops larger than that specified by the operational target (i.e. <100 mV) were not generally able to meet the requirement on the maximum allowable crossover flux for operation of the system below the lower explosive limit of the gas mixture. In general, for both design criteria to be met, the separator porosity must be 10 to 20%. Larger porosities resulted in increased crossover, whereas smaller porosities resulted in increased ohmic losses. Tables 6 and 7 present the porosity ranges for systems that yielded less than 100 mV ohmic losses and 98% and 80% crossover efficiencies in Design A and Design B, respectively.
Comparison of Design A and Design B
Design A outperformed Design B in terms of ohmic potential losses for comparable dimensions and components. Hydrogen collection yields, on the other hand, were less critical for Design B than for Design A -especially for small dimensions -allowing for straightforward minimization of the ohmic losses in Design B without the need for careful consideration of hydrogen crossover.
Non-permeable separators with lower proton conductivity were better tolerated in Design A compared to Design B, for similar ohmic potential losses. Generally, the properties of the non-permeable separator were more crucial for Design B than for Design A, especially at large l el /l d of Design B, which is desirable for commercial, large scale systems. The influence of the permeable separator porosity on the ohmic drop and hydrogen collection yield only depended on l el /l d and separator thickness but not on the other dimensions (l el and h e ) of Design B, while for Design A these dimensions also influenced the porosity vs. ohmic drop and the hydrogen collection yield behavior.
The orthogonalization of radiation absorption and the main ionic transport path -as presented in Design A -allows decoupling of the absorber area from the area for ion exchange between the electrodes, unlike in Design B.
Design A allowed independent dimensioning of the two channel or electrode lengths for compensation of the slower OER kinetics or for current matching of two different photoelectrode materials. Nevertheless, for the same electrode length and reaction current, Design A requires twice the surface area to capture solar light due to the side-by-side vs. back-to-back photoelectrode alignment.
Summary and conclusions
A validated multi-physics, multi-phase (solid and liquid phases) model was developed to couple charge and species transport, fluid flow, and electrochemical reactions. Two different design types were evaluated as a function of the dimensions of various components in each type of system.
Smaller ohmic losses in the full system were achieved by the use of transparent-conducting-oxide (TCO) layers on top of the photoactive semiconductor, because these layers allowed for current redistribution toward the electrode-separator interface, thereby resulting in shorter ionic-current path lengths. In the presence of TCO layers, the catalysts nearer to the electrodeseparator interface required higher turnover rates. This effect was more pronounced for longer electrodes and thinner electrolyte heights, and was less pronounced for slower reaction kinetics and smaller TCO layer conductivities. Generally, the potential variations along an electrode were reduced in the presence of a TCO layer, because the larger ohmic potential Table 5 Separator conductivity required to stay below 100 mV potential losses for specified separator thickness and electrode length to device length fractions of Design B, and corresponding crossover efficiency operating under species boundary condition (ii). Crossover efficiencies below 98% require additional control mechanisms in the system l el /l d 0.5 0.9 t sep = 10 mm DF R < 100 mV k l,e (S m À1 ) > 0.021 0.020 h 0.9 1 t sep = 500 mm DF R < 100 mV k l,e (S m À1 ) > 1.06 9.82 h 1 1 View Article Online losses were compensated by lower reaction overpotentials at the same location. For both designs, smaller electrode lengths, larger electrolyte heights, and thinner separators led to reduced ohmic losses. An asymptotic limit was observed for the device height, above which no further reduction in potential losses was observed. In addition, smaller fill fractions in Design B resulted in smaller potential losses. These approaches may be difficult to implement in practice, where a bias may lie toward systems that have small electrolyte volumes as well as large solar-active photoelectrode areas.
Depending on the dimensions of the design components, separator conductivities as low as 10 À2 S m À1 resulted in an acceptable ohmic loss in the system. The polarization curves suggested that Design A outperformed Design B, i.e. the former design produced a smaller total overpotential at the same current density. Diffusive crossover depended on the operational condition of the system, with the crossover being largest for continuously flushed reactors, for which the concentration gradient over the separator was largest. Design A exhibited lower hydrogen collection yields for smaller electrode lengths and larger h e /t sep ratios. For Design B, the hydrogen collection yield was independent of the electrode length, but decreased with the decreased separator thickness and fill fraction. Enhanced diffusive crossover yields are possible through incorporation of recombination-inactive catalysts in slow-flow reactors or through the use of reactors that are flushed with product-saturated electrolyte.
Convective crossover became important when pressure differentials were present over the separator (also dependent on the device control strategy) or for highly permeable separators. The calculations indicate that porosities in the range of 10 to 20%, corresponding to permeabilities of 10 À17 to 10 À15 m 2 , respectively, afford a compliant system in terms of ohmic losses as well as crossover efficiencies at a pressure differential of 1 bar. Stringent pressure control can relax these requirements and accordingly can increase the hydrogen collection yields. If practical separator porosities are to be used, thicker separators are required to minimize product crossover, but thicker separators result in increased ohmic losses. Controlling the morphology of the separator, i.e. using packed-bed-like structures instead of fibrous-like structures, could lead to more practical systems with large hydrogen collection yields. Nevertheless, further analysis of the morphology-property relationships of porous separators is required to understand which, if any, morphologies allow for advantageous transport properties and, consequently, acceptable system performance. 
